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Abstract 45 
Background:  46 
 In South America the sand fly Lutzomyia longipalpis is the predominant 47 
vector of Leishmania infantum, the parasite that causes canine and human 48 
visceral leishmaniasis. Co-location of synthetic male sex-aggregation 49 
pheromone with an insecticide provided protection against canine 50 
seroconversion, parasite infection, reduced tissue parasite loads, and female 51 
sand fly densities at households. Optimising the sex-aggregation pheromone + 52 
insecticide intervention requires information on the distance over which female 53 
and male Lu. longipalpis would be attracted to the synthetic pheromone in the 54 
field. 55 
Methodology/Principal Findings: 56 
 Wild Lu. longipalpis were collected at two peridomestic study sites in 57 
Governador Valadares (Minas Gerais, Brazil). Sand flies were marked with 58 
coloured fluorescent powder using an improved protocol and then released into 59 
an existing domestic chicken shed at two independent sites, followed by 60 
recapture at synthetic-pheromone host-odour baited traps placed up to 30 61 
metres distant from the release point. 62 
 In total 1704 wild-caught Lu. longipalpis were released into the two 63 
chicken sheds. Overall 4.3% of the marked flies were recaptured in the 64 
pheromone baited experimental chicken sheds compared to no marked flies 65 
recaptured in the control sheds. At the first site, 14 specimens (10.4% of the 66 
marked and released specimens) were recaptured at 10m, 36 (14.8%) at 20m, 67 
and 15 (3.4%) at 30m. At the second site, lower recapture rates were recorded; 68 
8 marked specimens (1.3%) were recaptured at 5 and 10m and no marked 69 
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specimens were recaptured at 15m. Approximately 7x more marked males than 70 
females were recaptured although males were only 2x as common as females 71 
in the released population. 52% of the marked Lu. longipalpis were collected 72 
during the first night of sampling, 32% on the second night, and 16% on the 73 
third night.  74 
Conclusions/Significance: 75 
 The study established that both male and female sand flies can be 76 
attracted to the synthetic sex-aggregation pheromone in the presence of host 77 
odour over distances up to at least 30m in the field depending on local 78 
environmental and meterological conditions.   79 
 80 
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Author Summary 95 
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 Visceral leishmaniasis (VL) is a disease caused by an insect 96 
transmitted protist parasite. In South America and Brazil in particular, it 97 
causes significant morbidity and mortality, with thousands of human cases 98 
and deaths reported every year. Domestic dogs are the most important 99 
source of human infection. Controlling the sand flies that transmit the parasite 100 
is one way to reduce the number of VL cases and recent research has shown 101 
the potential for a new pheromone-based approach to vector control. In a 102 
recent cluster-randomised control trial, co-location of a synthetic copy of the 103 
male sand fly sex-aggregation pheromone with pyrethroid insecticide reduced 104 
numbers of sand flies in households and provided protection for dogs against 105 
leishmaniasis infection incidence. The current study was carried out to 106 
determine the distance over which the synthetic sex-aggregation pheromone 107 
could attract Lu. longipalpis in a peridomestic environment in a Brazilian city. 108 
Male and female Lu. longipalpis were attracted up to 30m in one night towards 109 
a source of the pheromone. This information will help to inform the optimisation 110 
of placement of sex pheromone/insecticide intervention in Brazil. 111 
 112 
Key words  113 
Synthetic sex-aggregation pheromone; (±)-9-methylgermacrene-B; range of 114 
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Introduction 121 
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Pheromones in Diptera are diverse and complex molecules and over the 122 
past two decades, elucidation of their composition and structure has 123 
concentrated predominantly on agricultural pest species [1]. In the Diptera 124 
order, the best studied pheromones are in the Cyclorrhapha taxon, e.g. 125 
Agromyzidae (leaf miner flies) and Tephritidae (fruit flies); in the latter, male 126 
produced long-range attractants have been studied in more than 30 species. 127 
Within nematoceran families, e.g. Cecidomyiidae (gall midges) and the 128 
Sciaridae (fungus gnats), female-produced contact (or short-range) attractants 129 
are widespread [1,2]. With respect to human and animal disease vectors, within 130 
the Psychodidae, subfamily Phlebotominae (sand flies), male-produced sex-131 
aggregation pheromones of certain species attract both female and male 132 
conspecifics [3]. 133 
In the New World, Phlebotomine sand fly vector species are restricted to 134 
the genus Lutzomyia [4]. Throughout Latin America, the Phlebotomine sand fly 135 
Lutzomyia longipalpis s.l. is the main vector of Leishmania infantum 136 
(Kinetoplastida: Trypanosomatidae), a Protist parasite that causes visceral 137 
leishmaniasis (VL) in humans and canids [5]. This disease is a significant cause 138 
of morbidity and mortality in both humans and dogs in Brazil [6] and despite the 139 
substantial efforts made by the Brazilian Ministry of Health and State 140 
Authorities, the burden of VL in Brazil more than doubled between 1990 and 141 
2016 [7]. 142 
Lutzomyia longipalpis responds to a variety of different chemical cues; 143 
host odour kairomones to locate blood meal sources [8], oviposition 144 
pheromones and environmental kairomones to locate oviposition sites [9–11]; 145 
and male produced sex-aggregation pheromones to locate mating sites and 146 
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potential mates [3,12]. The Lu. longipalpis species complex sex-aggregation 147 
pheromones are molecules with a 16-carbon (C16) terpene skeleton  (molecular 148 
weight 218 amu) or 20-carbon (C20) skeleton (molecular weight 272 amu)  149 
released by males from glandular areas which appear as large pale spots on 150 
abdominal tergites 4 or 3 and 4 [3]. Each member of the complex produces a 151 
distinctly different sex-aggregation pheromone and although the taxonomic 152 
status of the complex is not settled [13], at least 4 different members can be 153 
distinguished [14–18]. In addition, the timing of sex-aggregation pheromone 154 
release, behavioural response of conspecifics, quantities of pheromone 155 
biosynthesised and released all differ between members of the complex [19]. 156 
The most geographically widespread member of the complex produces (S)-9-157 
methylgermacrene-B (C16) [3,20] and the expanding distribution of this 158 
chemotype in Southern Brazil is coincident with the emergence of VL in São 159 
Paulo State [21]. 160 
Sand fly sex-aggregation pheromones and other semiochemicals offer 161 
new opportunities for vector monitoring and control through the deployment of 162 
novel trapping and other intervention strategies [19,22,23]. A cluster-163 
randomised control trial (RCT) of synthetic (±)-9-methylgermacrene-B [24] 164 
formulated in a long-lasting controlled release device [25,26] co-located with 165 
sprayed microencapsulated -cyhalothrin in chicken roosting sites significantly 166 
reduced Lu. longipalpis densities, and subsequently canine Leishmania parasite 167 
infection incidence, tissue loads and canine seroconversion incidence [22], 168 
indicating the potential of this strategy for reducing infection and VL disease 169 
incidence. 170 
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In order to optimise the impact of sex-pheromone-based control 171 
strategies on the vector population and the consequent potential impact on 172 
canine and human disease incidence, it is important to understand the role of 173 
the pheromone in Lu. longipalpis mating dynamics. Field studies have shown 174 
that the rate at which both males and females are attracted to synthetic 175 
pheromone increased asymptotically as the quantity of pheromone increased 176 
linearly and that the sex-aggregation pheromone was important in maintaining 177 
aggregations of both sexes [27]. These results suggest that pheromone and 178 
insecticide combinations would be more effective when the amount of 179 
pheromone is relatively low and if trap spacing is optimised. Therefore, to 180 
determine the spacing between the pheromone traps it is important to know the 181 
distance over which the pheromone might attract female and male Lu. 182 
longipalpis. 183 
Mark-release-recapture studies on the dispersion of Lu. longipalpis 184 
indicate that they mostly remain in the area in which they were initially captured  185 
and it is likely that this loyalty is driven by the male sex-aggregation pheromone 186 
[28–31]. However, individuals can travel relatively long distances from the 187 
release site, e.g. 1 male and 1 female were found 175 and 243m respectively 188 
from the release point after 14 days [28] and other studies suggest that Lu. 189 
longipalpis may travel even further (i.e. up to 700m) over the course of many 190 
nights [30]. However, these studies did not specifically measure attraction to a 191 
source of pheromone and the maximum distances recorded are atypical of the 192 
population where the majority (>92%) of the marked flies were recovered at the 193 
release sites [28]. 194 
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Previous laboratory studies showed that female Lu. longipalpis were 195 
attracted to sex-aggregation pheromone extracted from male sand flies and co-196 
located with a live anaesthetised hamster, over a distance of 2.4m [32]. Field 197 
experiments in Brazil showed that a combination of synthetic sex-aggregation 198 
pheromone and host odour (chicken) attracted female and male Lu. longipalpis 199 
over at least a few metres, but these distances were limited in accordance with 200 
the experimental design [25,26,33]. However, no studies have been carried out 201 
to specifically determine the distance over which the synthetic pheromone might 202 
be attractive to Lu. longipalpis in the field. Therefore, we carried out a series of 203 
mark-release-recapture (MRR) experiments to determine the distance over 204 
which both male and female Lu. longipalpis might be attracted to a source of 205 
synthetic sex-pheromone. This study also assessed the ability of the 206 
pheromone to attract sand flies over several consecutive nights. 207 
 208 
Material and Methods 209 
Study area  210 
 The study was carried out in Governador Valadares (Minas Gerais 211 
State), a city of approximately 280,000 inhabitants on the Rio Doce in 212 
Southeast Brazil. The region has a tropical wet and dry savanna/climate 213 
(Köppen-Geiger classification: Aw) with a pronounced dry season from May to 214 
September and wet season from October to April. The study area is surrounded 215 
by seasonal semideciduous forest and savannah which includes areas that are 216 
protected because of their wildlife and landscape importance.  217 
 218 
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 Experiments were conducted in two households: Chácara Recanto de 219 
Cachoeira (household site A), 18°53'56.4" S; 41°56'09.6" W and Village da 220 
Serra (household site B), 18°52'18.6" S; 41°55'54.9" W (Fig 1). Both sites were 221 
located on the edge of the city and had different physical and ecological 222 
characteristics (Table 1). The households were chosen because they had 223 
moderate to high densities of Lu. longipalpis, large open areas free from the 224 
presence of obstructions that might break up the pheromone plume, and that 225 
offered daily accessibility to operate. 226 
 227 
Fluorescent powders and marking apparatus  228 
It has been reported that some fluorescent powders are toxic [28], 229 
therefore in order to establish which powder to use in the MRR experiments we 230 
determined the effect of two different brands of powders on sand fly longevity. 231 
Four colours were trialled; lime and pink (Ultra Glow dark fluorescent powder, 232 
KilaBitzzz, Wigan, UK) and orange and white (Superior quality fluorescent 233 
luminous glow UV, Visual Bliss UV paint, Ashburton, UK). These pigments are 234 
micronized fluorescent powders that glow under UV lighting (Fig 2A). 235 
A device to mark the sand flies with the powders was manufactured with 236 
some modifications (Fig 2B). We used a polystyrene tapered cylinder (25cm 237 
long, 7cm diam. at one end and 4cm. diam. at the other end). The wide end had 238 
a large opening (6cm i.d.) and the narrow end a smaller opening (3cm i.d.). 239 
These open ends were covered with fine nylon mesh, glued in place. The 240 
tapered cylinder was constructed from two-equal length parts that were push-241 
fitted together in the middle and were easily separated for quick release of the 242 
sand flies. A small hole (1cm diam.) was drilled in the middle portion of one of 243 
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the sections of the tapered cylinder to allow the introduction of the sand flies. 244 
After introduction of the sand flies, this hole was blocked with a small piece of 245 
cotton. Air was pumped via a rubber suction bulb attached to a plastic tube 246 
(5cm long) through the nylon mesh at the narrow end of the tapered cylinder 247 
which served as an air/fluorescent powder distribution compartment. A total of 248 
0.2g of fluorescent powder, placed inside the rubber bulb, was uniformly blown 249 
from the narrower opening (3cm diam.) through the entire marking device (3 250 
puffs were necessary to deplete the powder from the marking device). The large 251 
opening allowed the excess fluorescent powder that did not attach to the sand 252 
fly bodies to be removed. We used a separate tapered cylinder for each colour. 253 
 254 
Effect of the fluorescent powders on the sand flies 255 
 To determine the effect of possible differences in the fluorescent 256 
powders on their effectiveness to mark the sand flies and their effect on 257 
mortality, we carried out preliminary validation experiments using males and 258 
females together. These preliminary experiments were carried out on field-259 
collected Lu. longipalpis. 260 
To assess the effect of the powder on mortality, 75 specimens (mixed 261 
males and females) in three replicates (25 per group) were placed inside the 262 
polystyrene tapered cylinder where they were marked with fluorescent powder, 263 
either lime, pink, orange or white. After marking, the sand flies were then 264 
transferred to fine mesh nylon cages (30 x 30 x 30cm). They were supplied with 265 
sugar (25% fructose solution on small pieces of cotton wool) and water (damp 266 
gauze on the top of the cage). The cages were placed inside a semi-opaque 267 
plastic bag to maintain humidity. Temperature was kept stable thorough the 268 
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laboratory trials (29 ± 2ºC) and relative humidity (rh) was maintained at 80 ± 269 
10%. Mortality rates were recorded at different time intervals post marking 270 
(1min, 2h, 4h, 12h and then at 12h time periods until 72h). A group of unmarked 271 
sand flies were held in a separate cage as a control. 272 
To assess effectiveness and longevity of powder coverage, only the lime 273 
and pink powders were used in this test as the orange and white powders were 274 
shown in the previous test to cause significant lethality. A total of 60 sand flies 275 
(mixed males and females) in two replicates (groups of 30) were powder coated 276 
in the manner previously described, with each colour powder. They were killed 277 
by placing in a freezer (-20oC) after 2h and 72h post-treatment and stored in 278 
70% ethanol [34] until they were examined in a dark room under LED UV 279 
illumination with a dissecting microscope to assess the coverage of powder 280 
over time. Coverage was recorded as i) none (no powder), ii) very poor (1-3 281 
particles of fluorescent powder), iii) below average (3-10 particles), iii) average 282 
(10-30 particles), iv) above average (body partially covered), and v) excellent 283 
(body completely covered).  284 
 285 
Mark-release-recapture (MRR) trials 286 
Collection and marking of Lu. longipalpis were conducted at two 287 
peridomestic households (A and B) from 12th September 2016 to 15th February 288 
2017 (average mean temperature: 23.1ºC and 370mm precipitation).  289 
On the evening of day 1, either three or four downdraft traps (CDC 290 
miniature light trap model 512, John W. Hock Company, Florida, USA) fitted 291 
with a synthetic pheromone lure (no light) were set up around the household to 292 
trap male and female sand flies. The species-specific attraction of the synthetic 293 
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pheromone ensured that only the target insect Lu. longipalpis was attracted 294 
[26]. The next morning (day 2), the captured sand flies in their collection cages 295 
(30 x 30 x 30cm), were returned to the laboratory and kept at 80±10% rh and 296 
given 25% fructose solution ad libitum until the afternoon of day 2 when the live 297 
sand flies were sexed, counted and transferred to the marking device, where 298 
they were held for no more than two hours before being released in the field. 299 
Dead or damaged specimens that were unable to fly properly were discarded 300 
from the marking device. 301 
       In the field, a pair of plywood experimental chicken sheds [26,27,33] were 302 
used to recapture the marked and released Lu. longipalpis. A chicken from the 303 
householder’s flock was placed in each experimental chicken shed and given 304 
food and water ad libidum. The experimental chicken sheds were separated 305 
from each other by the same distance that they were separated from the 306 
release point, i.e. an experimental shed placed 5m from the release point was 307 
5m from the other experimental chicken shed (Fig  1). A downdraft trap (Hoover 308 
Pugedo, HP Biomédica, Minas Gerais, Brazil) [35] (without light), powered by a 309 
6V rechargeable battery was placed in each experimental shed. One 310 
experimental shed (test) was fitted with a “lure” loaded with 10mg of the 311 
synthetic sex-aggregation pheromone [(±)-9-methylgermacrene-B; CAS 312 
183158-38-5)] while the other shed was identical but without the pheromone 313 
(control). On the evening of day 2, the marked sand flies were released in the 314 
householder’s chicken shed. The polystyrene marking device with the marked 315 
sand flies was opened and left for a few minutes in the horizontal position for all 316 
the marked sand flies to leave (Fig 2C). Trapping in the experimental chicken 317 
sheds (test and control) was then subsequently conducted consecutively over 318 
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three nights (days 2, 3, and 4). The experimental sheds were kept in the same 319 
position during this time. Each morning the sand fly collection cages containing 320 
the night’s sand fly catch were removed, the chickens were released, and the 321 
trap batteries replaced. The pheromone lure was removed during the weekend 322 
(days 5, 6, 7), and kept in the freezer at -20ºC. Pheromone lures were replaced 323 
after 6 days of use. The next week (day 8), a new batch of sand flies was 324 
trapped, marked and then released (day 9) but the position of the test and 325 
control sheds was reversed and the subsequent trapping was conducted over 326 
three consecutive nights (days 9, 10 and 11). The lime and pink fluorescent 327 
powders were alternated weekly. Thus, each distance; 10, 20, and 30m was 328 
tested twice at site A and distances 5, 10, 15m were tested twice at site B. Each 329 
distance was tested for two weeks and therefore all distances for six weeks for 330 
each household (Fig 1). The distances were tested independently i.e. traps 331 
were placed at 10m only, for 2 weeks, then traps were placed at 20m only for 2 332 
weeks and finally at 30m only for 2 weeks. The same approach was taken for 5, 333 
10 and 15m distances. Experiments were carried out on calm nights when there 334 
was no discernible wind. On occasions when heavy rain or strong wind 335 
disrupted a night’s collection then the whole experiment for that week was 336 
terminated and the experimental replicate for that week was repeated from the 337 
beginning. Data concerning wind (average speed, maximum speed, direction) 338 
obtained from the National Institute of Meteorology of 339 
Brazil (https://mapas.inmet.gov.br/) is provided for each site (S1 Table). 340 
 341 
Statistical analysis 342 
 
 
 14 
 The range of attraction is defined as the distance over which a sand fly 343 
could travel from the point of release to the point of capture in a synthetic sex- 344 
aggregation pheromone baited trap. The recapture rates were calculated from 345 
the number of marked sand flies recaptured divided by the number of marked 346 
sand flies released x 100. The proportion of male and female sand flies 347 
recaptured was compared with the released ratio. After assuming data were 348 
not-normality distributed, differences in the number of recaptured sand flies at 349 
the three different distances for both residences and between nights were 350 
compared using the non-parametric Kruskall-Wallis test (IBM SPSS statistics v. 351 
23.0).   352 
 Fluorescent powder survival curves were presented as a Kaplan-Meier 353 
plot. Survival times of the four colours were first compared against the untreated 354 
control and then analysed in paired comparisons between untreated and treated 355 
sand flies for both fluorescent brands using the log-rank test. The level of 356 
coverage of lime and pink powder over time was compared using chi-square 357 
analysis (R software v 2.0). 358 
 359 
Ethics Statement 360 
The project, including the involvement of householders, was reviewed 361 
and approved by the Faculty of Health and Medicine Ethical Review Committee 362 
(FHMREC15125) at Lancaster University. This study was carried out in 363 
accordance with the guidelines of the Animals in Science Regulation Unit 364 
(ASRU) and in compliance with the Animals (Scientific Procedures) Act (ASPA) 365 
1986 (amended 2012) regulations and was consistent with UK Animal Welfare 366 
Act 2006 and The Welfare of Farmed Animals (England) Regulations 2007 and 367 
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2010. Oral consent was obtained from the Governador Valadares health 368 
authority (CCZ) to conduct the study within their administrative jurisdiction and 369 
from both of the householders for use of their animals and property. 370 
 371 
Results 372 
Fluorescent powder trials  373 
Survivorship treatment. Overall, the fluorescent powder caused 374 
significant mortality in treated Lu. longipalpis sand flies compared to the control 375 
(Log-rank test, 2: 162.9, df = 4, P ≤ 0.001) (Fig 3). There was no significant 376 
difference in the mortality of the untreated control Lu. longipalpis compared to 377 
those treated with either lime or pink powders (lime, 2: 2.1, df = 1, P = 0.146 378 
and pink, 2: 0.6, df = 1, P = 0.449). Although a relatively small number of sand 379 
flies died over time [72h: lime = 6/75 (8%) and pink = 15/75 (20%)] a similar 380 
tendency was observed in the unmarked controls [12/75 (16%)]. Significant 381 
differences in the survival of sand flies powdered with either orange or white 382 
fluorescent powders compared to the untreated control were observed (orange, 383 
2: 52.8, df = 1, P ≤ 0.001 and white, 2: 62.2, df = 1, P ≤ 0.001) (Fig 3). After 384 
12h there was a noticeable decline in the survival rate of Lu. longipalpis treated 385 
with the white fluorescent powder and more than 75% of the sand flies had died 386 
after 72h  with both white and orange powders (Fig 3), making its use 387 
unfeasible in further MMR trials. 388 
Coverage treatment. There was no difference in the coverage of the 389 
sand flies 2h or 72h post-treatment for either the lime or pink powders, with a 390 
few exceptions (Fig 4). Both powders adhered to all sand flies for the length of 391 
time of the experiment, showing greatest attachment to the abdomen, thoracic 392 
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region and wings. The lime powder adhered better than the pink as indicated by 393 
the higher proportion of sand flies (70-75%) that were heavily marked and no 394 
specimens with a low level of marking (Fig 4).  395 
 396 
Mark-release-recapture trials  397 
         Capture of unmarked-sand flies. In total, 1834 (1392 males and 442 398 
females) sand flies were captured at the two experimental sites (Table 2). 399 
Overall, captured male sand flies were 3x more numerous than female sand 400 
flies. In the control traps, very few Lu. longipalpis (25 at site A and 3 at site B) 401 
were captured (Table 2). 402 
        Recapture of released marked-sand flies. In total, 1704 (1161 males and 403 
543 females) were marked and released at the two experimental sites (Table 2). 404 
Subsequently, 1907 Lu. longipalpis were captured at both sites and only 73 405 
(4.3%) were marked. At site A, 65 Lu. longipalpis (57 males and 8 females) 406 
were recaptured; 14 (10.4%) at 10 m, 36 (14.8%) at 20 m, and 15 (3.4%) at 30 407 
m (Table 2). At site B, only 8 Lu. longipalpis were recaptured (7 males and 1 408 
female); 5 (1.1%) at 5 m and 3 (1.4%) at 10 m. None were recaptured at 15 m 409 
(Table 2). Although twice as many males as females (2.1♂:1♀) were released, 410 
overall marked male sand flies were 7x more numerous in pheromone-baited 411 
traps than marked females at both sites. At site A, at 10m, 3x more males were 412 
recaptured than females, at 20m, 4x more males were recaptured, and at 30m, 413 
3x more males were recaptured compared to the released ratio (Table 2). At 414 
site B, at 5m, 2.5x more males were recaptured than females and at 10 m, 2x 415 
more males were recaptured as released (Table 2). No marked sand flies were 416 
recaptured in the control traps (Table 2).  417 
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 Recapture of marked-sand flies over distance. More sand flies were 418 
recaptured in traps placed short to medium distances from the release points at 419 
both households. At household A, the numbers of Lu. longipalpis trapped at 420 
20m were significantly greater than the number collected at 30m from the 421 
release point (2= 14.121, df = 2, P ≤ 0.05). At household B, significantly more 422 
sand flies were collected at both 5 and 10m from the release point than at 15m 423 
(2 = 16.210, df = 2, P ≤ 0.05) (Fig 5).  424 
         Recapture of marked-sand flies over time. Overall, a higher proportion of 425 
Lu. longipalpis was collected during the first night of recapture (52% of the 426 
total), followed by the second night (32%), and (16%) on the third night. 427 
However, there were no statistical differences in capture rates between nights in 428 
household A (2 = 3.954, df = 2, P = 0.138) or household B (2 = 2.440, df = 2, 429 
P = 0.295) (Fig 6). 430 
 431 
Discussion 432 
         This study was the first attempt to determine the distance over which male 433 
and female Lu. longipalpis sand flies are attracted to synthetic sex-aggregation 434 
pheromone and host odour in the field. Our experiments indicated that the 435 
synthetic sex-aggregation pheromone (±)-9-methyl-germacrene-B) was able to 436 
attract individuals of both sexes from an established aggregation site to a trap 437 
30m distant. The distance over which the sand flies were attracted varied 438 
between the two study sites. This may be because of differences in ecological, 439 
environmental, and meteorological factors [36,37] affecting pheromone 440 
dispersal, however, the numbers recaptured at site B are too low to draw firm 441 
conclusions. In this study it was not possible to find households with a chicken 442 
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roosting site surrounded in all directions by equal distances of open space. 443 
Generally other barriers (buildings, other structures, vegetation) were present 444 
which added more complexity to the area around the chicken shed. Therefore, 445 
the experiments were carried out in typical chicken sheds at household sites 446 
and thus are a better approximation of what may really occur than at a location 447 
which allows an experimentally perfect but atypical design. 448 
 Only two previous studies, conducted in the laboratory, have investigated 449 
the distance over which the pheromone is attractive. The first showed that female 450 
Lu. longipalpis were attracted to pheromone presented along with hamster odour 451 
over a distance of 2.4m [32] but the response of male Lu. longipalpis was not 452 
determined. In the second experiment, males and females were shown to be 453 
attracted to synthetic pheromone over a distance of 1.7m [38]. In both 454 
experiments, the distance of attraction was limited by the size of the wind-tunnel 455 
and neither experiment was conducted on the same pheromone producing 456 
member of the complex as is found in Governador Valadares. 457 
 Our study showed that Lu. longipalpis sand flies were attracted from 458 
distances between 5 to 30m in a few hours (over a single night) by the synthetic 459 
sex-aggregation pheromone lure (plus host-odour).  This pattern of long-460 
distance attraction to the synthetic sex-pheromone lure had also been observed 461 
previously in incomplete preliminary trials in Campo Grande (Mato Grosso do 462 
Sul) and rural environments of Governador Valadares. For many large moths, 463 
sex pheromone attraction can be over tens of metres or even kilometres under 464 
favourable conditions [39–42]. Dipteran pheromones typically attract over short 465 
range (3-5m) and long-distance attractant sex pheromones are not common, 466 
but where they occur, they are female produced and attract males only [43]. 467 
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The sex pheromone of the female apple leaf midge, Dasineura mali (Diptera: 468 
Cecidomyiidae) for example, produces a sex pheromone that is attractive over 469 
at least 50m [44]. Male tephritids (Diptera: Tephritidae) also produce a long-470 
distance sex pheromone, e.g. Bactrocera cucurbitae  is estimated to attract 471 
conspecifics over 27m dependant on environmental and other conditions [45]. 472 
 In this study, the pheromone in the experimental chicken shed attracted 473 
both female and male Lu. longipalpis from the natural chicken shed. This would 474 
be a significant benefit in reducing the peridomestic Lu. longipalpis population 475 
but appears to contradict previous findings that showed that traps containing 476 
five pheromone lures did not attract sand flies from traps containing one 477 
pheromone lure even when placed 5m apart [27]. This could be explained by 478 
differences in the pheromone release dynamics of the synthetic pheromone lure 479 
which releases pheromone at continuous, relatively stable state, and the natural 480 
male aggregation which may regulate pheromone release depending on as yet 481 
undetermined factors; time, density, etc. 482 
 The decline of recapture rates as distance from the release point 483 
increases is frequently reported in other studies, e.g. moths [36,46], fruit flies 484 
[47], and beetles [48,49], although the findings depend on dispersal activity of 485 
the subject insect after release [50]. The relationship between distance and 486 
recapture rates is frequently not linear with more recaptures close to the release 487 
point. This can partially be explained as a result of the decreasing density of the 488 
target insect in a larger volume as distances from the release point increases 489 
(the volume of the hemispherical space around the release point is 27x greater 490 
when the trap is 30m from the release point compared to 10m) and a tendency 491 
for the insects to settle nearer the release point [28,50]. Unfortunately, we did 492 
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not sample inside release chicken sheds to verify sand fly site-loyalty. In this 493 
study as in others [30], sand flies were predominantly captured during the first 494 
night after release indicating that the synthetic pheromone was able to attract 495 
sand flies in a relatively short time period. Although the rate of trapping 496 
unmarked sand flies was maintained during the three trapping nights there was 497 
a noticeable decrease (although no statistical difference) in recapture rates of 498 
marked sand flies over the next two consecutive nights. This drop was likely to 499 
be the result of the natural dispersion of Lu. longipalpis [28] as no decrease 500 
would be expected to occur because of a loss of the effectiveness of the 501 
synthetic pheromone lures, as they are attractive for up to three months [26]. 502 
The large differences in the number of wild unmarked male and female flies 503 
captured at the pheromone treated compared to untreated recapture chicken 504 
sheds demonstrates the general attractiveness of the synthetic pheromone.505 
 Host odour attracts female sand flies and is a synergist for the sex- 506 
aggregation pheromone [51], and thus a chicken was placed in both of the 507 
experimental (pheromone present) and control (no pheromone) sheds. No 508 
marked sand flies were collected in the control sheds and they were collected 509 
only in pheromone-baited sheds. Thus, the host odour by itself provided an 510 
indication of the natural dispersion of the sand flies (unmarked specimens) and 511 
it was therefore interesting to note that there was little difference in the numbers 512 
of males or females trapped at 10, 20, or 30m from the release point at site A, 513 
or 5, 10 or 15m from the release point at site B. The household sites A and B 514 
were carefully chosen to exclude any potential focal points for sand fly 515 
aggregations other than the release points themselves and suggest that Lu. 516 
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longipalpis are more homogeneously distributed in the environment than has 517 
previously been recognised [27]. 518 
        In both CDC light-trap and pheromone-trap collections in real chicken 519 
sheds the ratio of males to females has typically been 4♂:1♀ [25,26]. In this 520 
study, considering that sand flies were released in the ratio, ca. 2♂:1♀, a similar 521 
ratio of males to females might be expected in the pheromone-baited traps. 522 
However, marked flies were recaptured in the ratio of approximately 7♂:1♀ at 523 
both sites. Considering that blood-seeking female Lu. longipalpis sand flies are 524 
more mobile than males (that do not blood-feed) [29], we might expect to 525 
recapture more females than males in downdraft-baited traps. However, the 526 
numbers suggested a gradual decrease in the proportion of marked females 527 
caught as the distance from the release point increased. The reasons for this 528 
change are unclear but may be related to a change in the physiological state of 529 
females after they have obtained a blood-meal in the natural chicken shed. The 530 
ratio of unmarked males to unmarked females did not change as much over 531 
distance. It is therefore possible that Lu. longipalpis males are more responsive 532 
than females to the smaller amount of pheromone released from traps that are 533 
further away and that the traps are also capturing unmarked sand flies from 534 
their immediate vicinity. This distinctly intraspecific difference in attraction may 535 
also be related to different types of olfactory receptors for anemotaxis between 536 
sexes [52]. 537 
      Recapture rates from the site A differed notably from site B. Clearly there 538 
are important factors that can have a substantial impact on the sand fly 539 
population and their ability to respond to the synthetic pheromone. There are 540 
many different possible explanations for the marked differences observed in the 541 
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distance that the males and females would travel and the recapture rates at the 542 
two sites. Attraction and capture of an insect is a complex process involving 543 
multiple components, several critical elements may individually or collectively be 544 
important; i) spatial memory/olfactory memory: one possibility is that sand flies 545 
were capable of learning a familiar area map to facilitate movement and specific 546 
routes between feeding, resting and breeding sites [53–56], ii) population 547 
density: a natural aggregation in the chicken shed producing large quantities of 548 
pheromone would compete with the synthetic pheromone, causing a reduction 549 
in the number of specimens attracted to pheromone-baited traps  [53,57], iii) 550 
fidelity to specific hosts might influence the recruitment of sand flies in locations 551 
in which there is an availability of sources of blood [53,55,58], and iv) abiotic 552 
factors could explain the dispersal of Lu. longipalpis at the two sites, in 553 
particular high wind speed has been attributed to decreasing or failing 554 
collections as it interferes with sand fly flight [59–61]. Wind strength and 555 
prevailing wind direction would affect the gradient, diffusion, and aerial 556 
distribution of the pheromone plume which in turn could influence the sand flies 557 
ability to locate the pheromone source [62,63]. Dispersion of pheromone would 558 
also be influenced by temperature, humidity, topography, construction of the 559 
pheromone release device (lure) and formulation of the pheromone within the 560 
release device as well as the design, construction and placement of the trap 561 
[64, 65]. According to meteorological data, site B was exposed to more wind 562 
gusts than site A, however this only occurred for short periods of time. The 563 
predominant wind conditions were gentle at both households during the night. 564 
There are also environmental variables such as habitat (e.g. presence of 565 
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vegetation and alternative host animals) which potentially play a critical role in 566 
shaping the response to pheromones [28,37,60,66].  567 
 The fluorescent powders used in this study provided a quickly identifiable 568 
marker for tracking the movement of both male and female Lu. longipalpis; they 569 
are inexpensive, readily available, environmentally safe, and easily applied and 570 
detected [67]. However, our study also showed that some fluorescent powders 571 
shortened the life of the sand flies and highlighted the need to test their effect 572 
before use [30,68]. Fluorescent powders may also decrease mobility and 573 
interfere with sensory organs resulting in adverse behavioural effects [69]. In 574 
this study we showed that some fluorescent powders have a significant impact 575 
on sand fly survival, it is also possible that the powder that we selected to use 576 
may have had other more subtle effects on the sand fly behaviour and this may 577 
have altered the response to the pheromone. 578 
 This is the first attempt to measure the attractiveness of the Lu. 579 
longipalpis synthetic sex-aggregation pheromone in the field. Although male 580 
produced sex-aggregation pheromones are not uncommon in other insect 581 
groups [70,71], Lu. longipalpis sand flies represent an exception amongst the 582 
Nematocera where female produced pheromones are typical. This paper 583 
provides the evidence that both sexes are attracted from long distance and 584 
suggests that synthetic pheromone lures co-located with insecticide could be 585 
spaced 60m apart, which represents approximately a single trap per household 586 
in typical VL endemic communities in Brazil, with the objective to manipulate 587 
female vector blood-feeding and probability of transmission of Le. infantum. In a 588 
recent community trial to study the effect of the pheromone co-located with 589 
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insecticide on the population of Lu. longipalpis in pheromone+insecticide 590 
treated houses and untreated (placebo) houses we showed that the numbers of 591 
both female and male Lu. longipalpis in the placebo traps placed on average 592 
16m (2.2-45.2m) from pheromone-treated houses were significantly reduced by 593 
44% and 50% respectively indicating that the pheromone is able to attract 594 
females and males over long distances under real field conditions. The repellent 595 
effect of insecticide on this distance was not determined in this study although 596 
from previous work [25] we know that the attractancy of the sex-aggregation 597 
pheromone overcomes the repellence of the insecticide. 598 
 599 
Conclusions 600 
 The results presented here are important for the development of 601 
strategies for monitoring and controlling Lu. longipalpis sand flies using 602 
synthetic male sex-aggregation pheromone. We determined for the first time the 603 
potential distance of attraction (up to 30m) to the sex-aggregation pheromone in 604 
combination with a host-odour for male and female Lu. longipalpis. The 605 
effectiveness of synthetic pheromone is affected by a variety of potential factors 606 
which can have a significant impact on the performance of the pheromone-607 
baited traps. In this respect, more detailed experimental work is required, 608 
particularly on measuring factors such as micro-meteorological and 609 
environmental parameters. Further studies including mathematical models will 610 
enable more precise algorithms for determining trap placements and density of 611 
baited-traps. The development of geographic information systems and risk 612 
maps to deploy pheromone dispensers will have also significant importance for 613 
controlling this species in residences. 614 
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Figure 1. Trapping layout at household A and household B. 913 
 914 
 915 
 Experimental chicken sheds (ECS) at 10, 20 and 30 m (household A) and at 5, 916 
10 and 15 m (household B) from the chicken shed (CS) release point, 917 
respectively. The diagram also shows local topographical features; at site A there 918 
was a steep (20º) ascending slope beyond the furthermost traps. At site B there 919 
was a steep (12º) descending slope beyond the furthermost traps. 920 
 921 
 922 
 923 
 924 
 925 
 926 
 927 
 928 
 929 
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Figure 2. Mark-release-recapture experiments. 930 
 931 
 932 
 933 
(A) marked (lime and pink) Lu. longipalpis sand flies (left side) and unmarked 934 
ones (right side) under UV lighting, (B) home-made tapered cylinder device, and 935 
(C) release of sand flies in the field (insert lower left showing the two parts opened 936 
for quick release of the contents). 937 
 938 
 939 
 940 
 941 
 942 
 943 
 944 
 945 
 946 
 947 
 948 
 949 
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Figure 3. Kaplan-Meier survival curves for Lu. longipalpis.  950 
 951 
 952 
 953 
Sand flies were marked with one of four fluorescent powders (lime, pink, orange 954 
or white) and their survival over 72h in laboratory conditions was recorded. 955 
Control sand flies (black) were not marked with fluorescent powder but were 956 
similarly observed for 72h. 957 
 958 
 959 
 960 
 961 
 962 
 963 
 964 
 965 
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Figure 4. Percentage of Lu. longipalpis sand flies covered with lime (A) and 966 
pink (B) fluorescent powders. 967 
 968 
 969 
 970 
The dark bars represent the percentage of sand flies covered 2h post powder 971 
treatment and the light bars 72h post powder treatment. The coverage is graded 972 
by observation as i) excellent (body completely covered), ii) above average (body 973 
partially covered), iii) average (10-30 particles), iv) below average (3-10 974 
particles), v) very poor (1-3 particles of fluorescent powder) and vi) none (no 975 
powder). * Denotes significantly different (P ≤ 0.05).  976 
 977 
 978 
 979 
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Figure 5. Number of recaptured Lu. longipalpis sand flies trapped at 980 
different distances from the release point in household (A) and household 981 
(B). 982 
 983 
 984 
 985 
The mean ± SD sand flies (males + females) for each distance from the release 986 
point was calculated from a total of two replicates (corresponding to the 987 
experiments marked with lime and pink fluorescent powders). The mean numbers 988 
of recaptured sand flies shown in bars with the same letters were not significantly 989 
different from each other (P < 0.05). 990 
 991 
 992 
 993 
 994 
 995 
 996 
 997 
 998 
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Figure 6. Number of recaptured Lu. longipalpis sand flies trapped over each 999 
of three consecutive nights in household (A) and household (B). 1000 
 1001 
 1002 
 1003 
The mean ± SD sand flies (males + females) for each night was calculated from 1004 
a total of three replicates (corresponding to the experiments marked with lime + 1005 
pink fluorescent powders at the three distances). The mean numbers of 1006 
recaptured sand flies in bars with the same letters were not significantly different 1007 
from each other (P < 0.05). 1008 
 1009 
 1010 
 1011 
 1012 
 1013 
 1014 
 1015 
 1016 
 1017 
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 1018 
 Table 1. Physical characteristics of the household sites where the MRR 1019 
experiments were carried out in Governador Valadares (Minas Gerais, 1020 
Brazil). 1021 
Household 
Chicken 
roost 
Number 
of 
roosting 
chickens  
Lu. 
longipalpis 
density * 
Description of site 
A 
Chácaras 
Recanto 
de 
Cachoeira 
Semi-
open 
wooden 
shed          
(2.5 x 
2.0m) 
ca. 20     79±50 
 
A large residence situated at the 
lower part of a steep incline. The 
household was on a rocky area 
with the chicken shed situated 
opposite the steep slope. The 
terrain where the experimental 
chicken boxes were placed was a 
slope gently ascending towards 
the steep incline. The steep slope 
delimited the maximum distance 
of study towards the north, west 
and east. 
 
B 
Village da 
Serra 
Open           
tree 
branches 
and 
ladder 
(3.0 x 
3.0m) 
ca. 12        13±7 
A medium sized residence was 
situated on a small hill. The 
household chicken shed was 
located at the top of the hill and 
the terrain where the 
experimental chicken sheds were 
placed descended gently for 20 m 
after which the slope dropped 
away steeply.  
 
 1022 
 1023 
 1024 
* Average (mean ± SEM) number of Lu. longipalpis trapped over four consecutive 
nights prior to experiments by CDC-traps with pheromone dispenser situated at the 
chicken roost.  
 
 
 44 
Table 2. Summary of numbers of Lu. longipalpis sand flies captured and 1025 
recaptured at the two household sites (A and B) in Governador Valadares 1026 
(Minas Gerais, Brazil). 1027 
 1028 
 1029 
Household A and B; m: males. f: females. Marked and released: Number of Lu. 1030 
longipalpis marked with fluorescent powder in the laboratory and then released 1031 
in the householder chicken shed.  Captured (unmarked): Number of Lu. 1032 
longipalpis captured in the pheromone baited and control chicken sheds at 10, 1033 
20, 30m and 5, 10, 15m. Recaptured (marked): Number of Lu. longipalpis 1034 
marked with fluorescent powder, and thus recaptured in the pheromone baited 1035 
and control chicken sheds at 10, 20, 30m and 5, 10, 15m.  Control = 1036 
experimental chicken shed with a chicken only.  Pheromone = experimental 1037 
chicken shed with a chicken plus a pheromone lure. 1038 
 1039 
 1040 
 1041 
 1042 
 1043 
A 
marked and 
released 
captured (unmarked) recaptured (marked) 
control pheromone control pheromone 
m f m+f m f m+f m f m+f m f m+f m F m+f 
10m 100 35 135 12 8 20 380 147 527 0 0 0 12 2 14 
20m 171 71 242 2 1 3 401 138 539 0 0 0 32 4 36 
30m 283 146 429 0 2 2 482 109 591 0 0 0 13 2 15 
tot 554 252 806 14 11 25 1263 394 1657 0 0 0 57 8 65 
 
B 
marked and 
released 
captured (unmarked) recaptured (marked) 
control pheromone control pheromone 
m f m+f m f m+f m f m+f m f m+f m F m+f 
5m 299 121 420 1 2 3 30 16 46 0 0 0 5 0 5 
10m 110 92 202 0 0 0 36 7 43 0 0 0 2 1 3 
15m 198 78 276 0 0 0 48 12 60 0 0 0 0 0 0 
tot 607 291 898 1 2 3 114 35 149 0 0 0 7 1 8 
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SUPPLEMENTARY MATERIAL 1044 
     1045 
S1 Table.  Wind parameters recorded from a meteorological station 1046 
located in Governador Valadares (Minas Gerais, Brazil). 1047 
Household 
Distance      
(m) 
Powder 
(colour) 
Wind parameters 1 
Speed 2 Max 3 Direction 4 
 A 
10 
Lime 2.0 10.1 SE 
Pink 2.2 11.8 S 
20 
Lime 2.2 8.8 SE 
Pink 2.6 8.7 E 
30 
Lime 2.4 12.2 SE 
Pink 1.7 11.9 E 
B 
5 
Lime 2.5 16.1 E 
Pink 2.0 13.9 SE 
10 
Lime 1.6 7.8 SE 
Pink 1.8 8.0 SE 
15 
Lime 1.6 12.1 SE 
Pink 2.1 10.6 E 
 1048 
1 Data in each line includes the three trapping nights for each different powder 1049 
colour replicate. 2 Speed = average (ms-1) per hour; 3 Max = Maximum wind 1050 
speed (ms-1) per hour recorded; 4 Direction = predominant direction of the 1051 
wind (cardinal points). 1052 
